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A glassy-carbon electrode was modiﬁed with cadmium pentacyanonitrosylferrate ﬁlm using cyclic vol-
tammetry. The voltammetry behavior of the cadmium pentacyanonitrosylferrate on the glassy-carbon
electrode shows a redox couple (FeIII/FeII) with E
0
of 593 mV (Ipa/Ipc = 0.96) and DEp of 34 mV in
0.5 mol dm3 KNO3 (m = 100 mV s1) with an adsorption-controlled process. The anodic-peak currents
of the ﬁlm decreased in the presence of tetrahydrothiophene due to a reaction of the precipitation on
the ﬁlm surface by a nucleophilic attack.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Sulfur compounds are released to the atmosphere in the form of
SO2 as a result of the combustion of gaseous fuels, and SO2 can be
oxidized to water-soluble SO3, thus producing acid rain, which is
highly hazardous to the environment and to health [1]. Therefore,
sulﬁde is important to a variety of studies, including sulﬁde-pollu-
tion control in industrial efﬂuents [2] and the environment.
Tetrahydrothiophene (THT) is a heterocyclic organic compound
used as an odorant in natural gas [3,4], a solvent [5] and an insec-
ticide [6]. Typical sulfur-containing odorants are THT, mercaptans
such as tertiary butyl mercaptan (TBM) and ethyl mercaptan
(EM), and organic sulﬁdes such as dimethylsulﬁde (DMS) or mix-
tures thereof. THT is added into natural gas in small quantities as
an odorizer to avoid various problems due to leaks, such as explo-
sions and ﬁres [3]. THT and mercaptans are used to odorize natural
gas in most of Europe and in the United States of America [4], and
gas chromatography has been the main tool for the analysis of
these compounds [7–9].
Sulfur compounds such as THT and thiolate anions (RS) react
with the pentacyanonitrosylferrate anion (PCNF) or nitroprusside,
represented by the structure [FeIII(CN)5NO]2, which is electro-
philic and has a reducing property that is attributed to the ligand
NO+ [10]. THT or any other base may attack either the oxygen or
nitrogen atom of the coordinated nitrosyl [11,12] to form
[FeIII(CN)5N(O)SR]3, which regenerates [FeIII(CN)5NO]2 in the
presence of air. PCNF has attracted much attention for the prepara-ax: +55 016 3301 9692.
).
sevier OA license.tion of modiﬁed carbon composite electrodes [13,14] and thin
ﬁlms on electrodes in the last few years [15–25] because it shows
reversible electron transfer and has been cleverly immobilized on
electrode surfaces [26,27].
Salimi and coworkers [13] used the sol–gel technique to con-
struct nickel pentacyanonitrosylferrate (NiPCNF)-modiﬁed com-
posite ceramic carbon electrodes. NiPCNF shows electrocatalytic
activity toward the sulﬁte electro-oxidation and was determined
amperometrically at the surface of the modiﬁed electrode.
Sabzi [25] prepared an electroactive thin ﬁlm of cobalt pentacy-
anonitrosylferrate (CoPCNF) by cyclic voltammetry onto a glassy-
carbon (GC) electrode. The preparation of the GC modiﬁed with
CoPCNF was performed in two steps: (i) the deposition of Co onto
GC (Co/GC) using a constant cathodic current of 0.1 mA for 10–40 s
and (ii) the derivatization of Co/GC with PCNF (CoPCNF) by immer-
sion of the Co/GC into a solution of NaPCNF. The modiﬁed electrode
showed electrocatalytic activity toward the thiosulfate in a linear
range between 0.2 and 16 mmol dm3.
Razmi and Harasi [26] developed a cadmium pentacyanonitro-
sylferrate (CdPCNF) ﬁlm from a solution of 5  103 mol dm3
CdCl2 and 5  103 mol dm3 Na2[Fe(CN)5NO]. The CdPCNF elec-
trode showed a reversible cyclic voltammogram due to the redox
reaction of FeIII/FeII in the ﬁlm. The CdPCNF ﬁlm showed good elec-
trocatalytic activity toward the oxidation of ascorbic acid in the
concentration range of 5–50 lmol dm3, and the limit of detection
was determined by hydrodynamic amperometry to be
2.52 lmol dm3.
Recently, we reported the preparation of a CoPCNF [27] ﬁlm and
its electrocatalytic response to sulﬁde in aqueous solution. The
analytical curve was linear in the concentration range of
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4.6  105 mol dm3 for sulﬁde ions in 0.5 mol dm3 KNO3 solu-
tion. Continuing with the studies of metal pentacyanonitrosylfer-
rate ﬁlms in the presence of sulfur compounds and considering
the great importance of the determination of THT and the need
to develop low-cost alternative methods, the goal of this work is
to develop a modiﬁed electrode of cadmium PCNF on a glassy-car-
bon electrode (CdPCNF/GC) and study its electrochemical behavior
against the THT.2. Experimental
2.1. Reagents
Tetrahydrothiophene (THT) purchased from Sigma Aldrich was
used as received. All other chemicals used in electrochemical
experiments were of analytical-reagent grade. Milli-Q water was
used to prepare all solutions. A 0.4 mol dm3 Britton–Robinson
buffer solution (BR buffer) was prepared from a mixture of phos-
phoric (0.4 mol dm3), acetic (0.4 mol dm3) and boric
(0.4 mol dm3) acids, and the pH of the solution was adjusted with
0.1 mol dm3 sodium hydroxide.2.2. Instrumentation
2.2.1. Electrochemical apparatus
All electrochemical experiments were performed using an
Autolab PGSTAT-30 potentiostat/galvanostat controlled with Gen-
eral Purpose Electrochemical System (GPES) software (Eco Chemie
B.V.) equipped with a conventional three-electrode cell at room
temperature. A GC-modiﬁed electrode with a 0.070 cm2 surface
area, a Ag/AgCl (KCl, 3 mol dm3) electrode and platinum wire
were used as the working, reference and auxiliary electrodes,
respectively.2.3. Procedures
2.3.1. Electrode modiﬁcation
Before all electrochemical experiments, the electrochemical cell
was saturated with nitrogen for 15 min. During the electrochemi-
cal measurements, the nitrogen ﬂow was kept constant on the
solution surface. The surface of the GC was polished with 0.3 lm
alumina powder (Merck) and cleaned by sonication in ethanol
and Milli-Q water for 3 min.
The preparation of the CdPCNF/GC-modiﬁed electrode was per-
formed using cyclic voltammetry (CV) [26,28]. GC was immersed in
a solution containing 1  103 mol dm3 CdCl2, 1  102 mol dm3
PCNF and 0.5 mol dm3 KNO3 with the pH adjusted to be in the
range of 2–3. The modiﬁcation of the electrode surface was per-
formed by 150 successive scans with the potential sweep between
0.2 and 1.0 V and a scan rate (m) of 100 mV s1. The GC-modiﬁed
electrode was removed from the electrode-surface-modiﬁcation
solution and washed with distilled water. It was stored in air to
dry before use and then used as the working electrode.Fig. 1. CV of the formation of the CdPCNF ﬁlm in a solution containing
1  103 mol dm3 CdCl2, 1  102 mol dm3 PCNF and 0.5 mol dm3 KNO3 on
the GC electrode (m = 100 mV s1).2.3.2. Voltammetric measurements
The CdPCNF/GC was characterized by CV. The inﬂuence of scan
rate on the CdPCNF/GC was performed between 10 and 250 mV s1
in the potential range of 0–1 V in a solution of 0.5 mol dm3 KNO3.
The stability of CdPCNF/GC was studied with freshly prepared elec-
trodes and with electrodes 24 h and one week after preparation by
CV with successive scans in a solution of 0.5 mol dm3 KNO3 and a
scan rate of 100 mV s1. The behavior of the CdPCNF/GC regarding
the change in pH of the supporting electrolyte was performed in BRbuffer solution with 0.5 mol dm3 KNO3 and pH between 2.0 and
10.0 in the potential range of 0–1 V with a scan rate of 100 mV s1.
2.3.3. Electrochemical behavior of CdPCNF in the presence of THT
A CdPCNF/GC ﬁlm was applied to THT in an electrochemical cell
with 10 mL of BR buffer solution with 0.5 mol dm3 KNO3 and at
pH 6.0. All experiments were done in triplicate. A standard solution
of 0.10 mol dm3 THT was prepared and standardized just before
use. The inﬂuence of the concentration of sulfur compounds were
studied with the addition of suitable aliquots in an electrochemical
cell by square-wave voltammetry (SWV).
3. Results and discussion
3.1. Preparation of the CdPCNF/GC-modiﬁed electrode
The formation of CdPCNF was performed in a solution contain-
ing 1  103 mol dm3 CdCl2, 1  102 mol dm3 PCNF and
0.5 mol dm3 KNO3 by successive scans in the potential range of
0.2 V to 1.0 V; the formation process is illustrated in Fig. 1. The
CdPCNF complex is deposited on the electrode surface through
successive scans, and a larger amount of CdPCNF is deposited in
each cycle, so the thickness is easily controlled by the number of
scans.
Fig. 1 shows that, during the formation process of the ﬁlm, there
is an increase in the anodic and cathodic currents in Epa = 580 mV
and Epc = 563 mV, which is characteristic of the formation of
CdPCNF [26,28]. The Cd2+ cations cannot undergo reduction during
the procedure, so the used potential range was 0.2 V to 1.0 V,
where [FeIII(CN)5NO]2 is reduced to [FeII(CN)5NO]3 during the
cathodic scans. The species [FeII(CN)5NO]3 shows afﬁnity to the
cations Cd2+, thus forming CdPCNF. The formation mechanism is
represented by the following equations:
½FeIIIðCNÞ5NO2 þ e ! ½FeIIðCNÞ5NO3 ð1Þ
Cd2þ þ Kþ þ ½FeIIðCNÞ5NO3 ! KCdII½FeIIðCNÞ5NO ð2Þ
The formed CdPCNF/GC showed E
0
= 593 mV, Ipa/Ipc = 0.96 and
DEp = 34 mV in a solution of 0.5 mol dm3 KNO3 with a scan rate
of 100 mV s1, characteristic of the redox process of the ﬁlm in a
KNO3 solution. However, we observed a variation in the formal po-
tential around 25 mV for different modiﬁed electrodes (n = 5),
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face of a glassy carbon electrode from the cleaning process with
alumina. Therefore, the formal potential averaged was of
576 ± 25 mV. The mechanism related to the reduction and oxida-
tion processes can be described by Eqs. (3) and (4), respectively.
The presence of potassium in the structure of the complex [29] is
related to the thermodynamic tendency of the ﬁlm by cation due
to the size of the hydrated cation and the ability to incorporate this
element into the crystal structure during the reduction process de-
scribed in the following equation:
CdII½FeIIIðCNÞ5NO þ Kþ þ e ! KCdII½FeIIðCNÞ5NO ð3ÞKCdII½FeIIðCNÞ5NO ! CdII½FeIIIðCNÞ5NO þ Kþ þ e ð4Þ3.2. Electrochemical behavior of the CdPCNF/GC electrode
The cyclic voltammograms obtained for CdPCNF/GC in
0.50 mol dm3 KNO3 at scan rates of 10–250 mV s1 show that
the ratio of the anodic and cathodic currents (Ipa/Ipc) is close to 1
and that Ipa and Ipc are directly proportional to the scan rate. The
plot of peak currents versus scan rate shows a linearly correlation
with R = 0.999 for Ipa and Ipc, indicating an adsorption-controlled
process [30]. This ﬁnding is attributed to the FeIII/FeII redox couple,
in accordance with Eqs. (3) and (4), where E
0
decreased from
593 mV to 591 mV with increasing speed and DEp is 15–59 mV
for a sweep rate between 10 and 250 mV s1, suggesting facile
charge-transfer kinetics over this range and kinetic limitations or
electrostatic interactions of the redox sites [26] in the ﬁlm.
The stability of the CdPCNF/GC was studied by CV using freshly
prepared ﬁlm (Fig. 2A) in a potential range of 0–1 V in 0.5 mol dm3
KNO3 with a scan rate of 100 mV s1. After 250 successive scans
(Fig. 2B), the Ipa dropped to 36.1%, E
0
increased from 562 mV to
571 mV and DEp increased from 29 mV to 64 mV. Comparing the
freshly prepared ﬁlm with a similar electrode dried in air for 24 h
(Fig. 2C), the relationship Ipa/Ipc remains close to unitary, E
0
in-
creases from 562 mV to 565 mV and DEp increases from 29 mV to
45 mV. Another similar electrode modiﬁed with CdPCNF was dried
in air for one week (Fig. 2D). In comparison with the freshly pre-
pared ﬁlm, the relationship Ipa/Ipc remains close to unitary, E
0
de-
creases from 562 mV to 544 mV and DEp increases from 29 mV to
50 mV. The storage of electrodes in the air signiﬁcantly improved
stability compared to the freshly prepared electrode.Fig. 2. CV of the CdPCNF/GC electrode in 0.5 mol dm3 KNO3. Freshly prepared ﬁlm:
A – after preparation and B – after 250 successive scans. After exposure to air within
a period of C – 24 h and D – 1 week.The study of the behavior of the CdPCNF/GC ﬁlm for the varia-
tion in pH solution was performed in BR buffer with 0.5 mol dm3
KNO3 at pH values between 2.0 and 10.0 with a scan rate of
100 mV s1. To minimize the inﬂuence of sodium ions the studies
with BR buffer was realized in presence of 0.5 mol dm3 of KNO3,
in according to Razmi and coworkers [31], the CdPCNF/GC ﬁlm
shows a greater surface afﬁnity for potassium compared to sodium,
and no exist change in the formal potential attributed for varia-
tions of sodium ions concentrations in the experimental conditions
studied in this work. In the solution at pH 2.0, Ipa is 15 lA. Ipa de-
creases slightly with increasing pH such that the Ipa values hardly
change for pH values below 7.0, and a greater decrease in Ipa is ob-
served above pH 8.0. At pH values between 2.0 and 6.0, DEp re-
mained almost unchanged, ranging from 73 mV to 117 mV.
Above pH 6.0, there was a considerable increase in DEp from
117 mV to 307 mV at pH 10.0.
CdPCNF/GC has a stable electrochemical response in neutral
solutions and in weakly acidic solutions, but the CdPCNF/GC is de-
graded in alkaline solutions (pH > 8). During successive scans in BR
buffer pH 10.0 with 0.5 mol dm3 KNO3 and a scan rate of
100 mV s1, the degradation of CdPCNF/GC is observed. This pH-
dependent behavior is consistent with similar cases in literatures
[21,31] and can be represented by the following equation:
KCdII½FeIIðCNÞ5NOþ4OH$CdO22 þKþþ½FeIIðCNÞ5NO3þ2H2O
ð5Þ3.3. Effects of THT on CdPCNF/GC
The CV of CdPCNF/GC in BR buffer solution with 0.5 mol dm3
KNO3 and pH 6.0 exhibits a small shift of E
0
from 562 to 552 mV
in the presence of 1.06  104 mol dm3 THT, with DEp changing
from 117 to 125 mV for a scan rate of 100 mV s1. With the addi-
tion of THT, there is a decrease in the peak current of the oxidation
CdPCNF/GC as a result of the non-oxidation of THT. However, an
adsorption of THT on the CdPCNF/GC indicates that the species is
precipitated by reducing the active sites of the ﬁlm, probably by
the nucleophilic attack [11] of the NO group coordinating CdPCNF
with the S of THT to form metal nitrosothiolato intermediates.
Fig. 3A shows the cyclic voltammograms of CdPCNF/GC at differ-
ent scan rates between 0 and 1.0 V in BR buffer (pH 6.0) and
0.50 mol dm3 KNO3 in the presence of 1.06  104 mol dm3
THT. The voltammograms show a pair of peaks with E
0
of 556 mV
and DEp of 59 mV for a scan rate of 25 mV s1. Fig. 3B shows that
the peak currents are proportional to the scan rate over the range
25–300 mV s1. The equations and linear correlation coefﬁcients
(R) are also shown in Fig. 3B, and this linear relationship indicates
an adsorption-controlled process [30] for the electrochemical
behavior of CdPCNF/GC in the presence of THT.
To study the behavior of CdPCNF/GC in the presence of different
concentrations of THT,weused square-wave voltammetry (SWV) so
the parameters of SWV for CdPCNF/GC were optimized in BR buffer
(pH 6.0) and 0.50 mol dm3 KNO3 in presence of 1.06 
104 mol dm3 THT. Among the instrumental parameters that can
signiﬁcantly inﬂuence the voltammetric response, the most impor-
tant are the frequency of the application of potential pulses (f), the
amplitude of the application of potential pulses (a) and the increase
of the potential scan (DE).
The ﬁrst parameter optimized for SWV was f, which was varied
in the range of 10–120 Hz for the response of the anodic-peak cur-
rent for the CdPCNF/GC ﬁlm. The ratio of anodic-peak current in
the function of f showed a low variation of peak current for f above
60 Hz, obtaining a nonlinear relationship, and this behavior is char-
acteristic of a reversible electrochemical process with adsorbed
product and reagent [32]. The DE was studied to prove the exis-
Fig. 3. A – CV of CdPCNF/GC at different scan rates (10–250 mV s1) between 0 and 1.0 V in BR buffer (pH 6.0) and 0.50 mol dm3 KNO3 in presence of 1.06  104 mol dm3
THT. B – plot of anodic and cathodic peaks currents versus potential scan rate.
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products, and that DE does not inﬂuence the peak current for sys-
tems of this type [32]. As expected, DE does not inﬂuence the peak
current of voltammograms for CdPCNF/GC, and the current varia-
tion was approximately 3.2% for DE between 2 and 12 mV. Accord-
ing to the optimization of the parameters, the values chosen for f
and DE are 60 Hz and 6 mV, respectively. The other optimized
parameter was a, for voltammograms that were obtained at differ-
ent values of a in the range of 10–100 mV. A linear increase
(R = 0.999) was observed in the anodic-peak current of CdPCNF/
GC with the increase of a. Analyzing the voltammograms at differ-
ent values of a and considering the intensity of the current signal
with the width at half height (W1/2), an amplitude of 50 mV was
chosen for further studies.Fig. 4. A – SWV of CdPCNF/GC in the presence of THT in the concentration range of 6.67 
pH 6.0. B – relationship between anodic-peak currents and THT concentration.Fig. 4A shows the SWV of CdPCNF/GC in the presence of THT in
the concentration range of 6.67  106 to 1.06  104 mol dm3 in
BR buffer solutionwith 0.5 mol dm3 KNO3 and pH 6.0. The voltam-
mograms show a decrease in Ipa with increasing THT concentration.
At a concentration of 6.67  106 mol dm3, the Epa in the presence
of THT was approximately 560 mV. The effect of THT concentration
on Ipa of CdPCNF/GC was performed in triplicate and is represented
in Fig. 4B. CdPCNF/GC showed a linear decrease in the anodic-peak
oxidation current with increasing THT concentration in the range of
6.67  106 to 4.00  105 mol dm3. The linear correlation be-
tween Ipa and THT concentration follows the equation Ipa (lA) =
61.12 to 5.01  105  [THT], with a correlation coefﬁcient of 0.994
(n = 6), amperometric sensitivity of 5.01  105 lA dm3 mol1 and
a limit of detection of 1.56  106 mol dm3.106 to 1.06  104 mol dm3 in BR buffer solution with 0.5 mol dm3 KNO3 and at
Fig. 5. CV of CdPCNF/GC in BR buffer solution with 0.5 mol dm3 KNO3 (pH 6.0): A –
before application in THT; B – after application in THT and recovery. Inset:
Relationship of Ipa with the number of recoveries from the CdPCNF/GC after
applications with THT.
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to THT oxidation but to precipitation on the CdPCNF/GC surface, as
described in Eq. (6). The sulfur compounds may attack the nitrogen
atom of the coordinated nitrosyl, and, in this case, the intermediate
[Fe(CN)5N(O)SR]3 was stabilized onto the CdPCNF structure [12],
decreasing the number of actives sites.
½FeIIIðCNÞ5NO2 þ RS ! ½FeIIIðCNÞ5NðOÞSR3 ð6Þ3.4. Recovery of CdPCNF/GC
According to Butler et al. [12], [FeIII(CN)5N(O)SR]3 forms and
the thiolate anions decompose in the presence of oxygen, in which
the RS forms a disulﬁde and [FeIII(CN)5N(O)]3 oxidizes to
[FeIII(CN)5N(O)]2. This process is described in the following
equation:
2½FeIIIðCNÞ5NðOÞSR3 ! R2S2 þ 2½FeIIIðCNÞ5NðOÞ2 ð7Þ
It is very important in analytical applications that the modiﬁed
electrode presents its initial electrochemical characteristics after
the analyte measurement. To prove that CdPCNF/GC is useful again
after analysis with THT, experiments for the recovery of the elec-
trode were performed. The method adopted for recovery is de-
scribed below:
I. Add the CdPCNF/GC to BR buffer (pH 4.0) with 0.5 mol dm3
KNO3 and complete ten successive scans using CV in the potential
range from 0 to 1.0 V with m = 100 mV s1
II. Dry for 10 min in contact with air.
Fig. 5 shows the CV of CdPCNF/GC before applying THT (Fig. 5A)
and after THT and recovery (Fig. 5B). The CV in Fig. 5B shows that
the electrochemical parameters are almost unchanged compared
to the CV of Fig. 5A. The recovered CdPCNF/GC shows an Epa that
is 9 mV lower than that in Fig. 5A, Ipa of 0.1 lA, which is the small-
est, and an equal DEp (63 mV). The inset of Fig. 5 shows that the
relationship between Ipa and the number of recoveries from the
CdPCNF/GC after THT application is satisfactory for ten recoveries,
in which the reduction current was around 3.2%. These ﬁndings
show that the method adopted for the recovery of the electrodes
is efﬁcient.4. Conclusions
A CdPCNF ﬁlm was obtained from 150 successive scans of po-
tential swept between 0.2 and 1.0 V with a scan rate of
100 mV s1. The ease of electrode preparation, high repeatability,
stability and ease of recovery makes the CdPCNF/GC a viable mod-
iﬁed electrode for the analysis of THT. CdPCNF/GC in presence of
THT at different concentrations showed proportionally decreasing
anodic-peak currents. CdPCNF/GC presented a relativity low limit
of detection of 1.56  106 mol dm3 for SWV. According to the re-
sults for the CdPCNF/GC ﬁlm, it is viable for possible application in
analysis of THT present in matrices, such as natural gas and aque-
ous media. In the future studies, the CdPCNF/GC will be used in a
simple and direct mode showing great analytical potential.
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